To design effective eradication strategies, it may be necessary to target HIV reservoirs in anatomic compartments other than blood. This study examined HIV RNA rebound following interruption of antiretroviral therapy (ART) in blood and cerebrospinal fluid (CSF) to determine whether the central nervous system (CNS) might serve as an independent source of resurgent viral replication. Paired blood and CSF samples were collected longitudinally from 14 chronically HIV-infected individuals undergoing ART interruption. HIV env (C2-V3), gag (p24) and pol (reverse transcriptase) were sequenced from cell-free HIV RNA and cellassociated HIV DNA in blood and CSF using the Roche 454 FLX Titanium platform. Comprehensive sequence and phylogenetic analyses were performed to search for evidence of unique or differentially represented viral subpopulations emerging in CSF supernatant as compared with blood plasma. Using a conservative definition of compartmentalization based on four distinct statistical tests, nine participants presented a compartmentalized HIV RNA rebound within the CSF after interruption of ART, even when sampled within 2 weeks from viral rebound. The degree and duration of viral compartmentalization varied considerably between subjects and between time-points within a subject. In 10 cases, we identified viral populations within the CSF supernatant at the first sampled time-point after ART interruption, which were phylogenetically distinct from those present in the paired blood plasma and mostly persisted over time (when longitudinal time-points were available). Our data suggest that an independent source of HIV RNA contributes to viral rebound within the CSF after treatment interruption. The most likely source of compartmentalized HIV RNA is a CNS reservoir that would need to be targeted to achieve complete HIV eradication.
Introduction
Antiretroviral therapy (ART) suppresses viral replication to undetectable levels in most HIV-infected individuals (Palella et al. 2006) . However, ART cannot eradicate latently infected cells (Wong et al. 1997; Finzi et al. 1999; Siliciano et al. 2003) , and robust viral replication resumes following treatment V C The Author 2016. Published by Oxford University Press. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/ licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com interruption (Hoen et al. 2005) . Discouragingly, this pattern holds in 80-90% of cases even when ART is initiated during the earliest phase of HIV infection (2-10 weeks), specifically to limit the size of the HIV reservoir and improve immune reconstitution (Hocqueloux et al. 2010; Saez-Cirion et al. 2013) . Among individuals who initiate ART during chronic HIV infection (i.e. at least 3 months post infection) viral rebound is virtually universal (Palmisano et al. 2007; Saez-Cirion et al. 2013) .
Rebounding virus might originate from a variety of sources: the DNA compartment in blood, namely peripheral blood mononuclear cells (PBMC), RNA or DNA compartments in lymphoid tissues, and possibly other anatomical compartments that harbor replication-competent HIV-infected cells or viral particles (Lewin et al. 2011; Gray et al. 2014; Margolis, 2014) .
In most HIV-infected individuals, the establishment of viral reservoirs in multiple tissues and anatomic compartments, including the central nervous system (CNS), occurs within the first few weeks of HIV infection (Clements et al. 2005 ; Thompson et al. 2011; Gray et al. 2014; Salemi and Rife, 2015; Sturdevant et al. 2015) . The HIV population during early HIV infection is typically homogenous (Keele et al. 2008 ), but compartmentalization can occur as a consequence of tissue-specific genetic differentiation and restricted viral migration between anatomic sites or tissues (Zarate et al. 2007; Blackard, 2012; Svicher et al. 2014) . Compartmentalized viral evolution is frequently a consequence of discordant selective pressures (Pillai et al. 2006) , and gives rise to tissue-adapted variants, which subsequently contribute to disease pathogenesis (Strain et al. 2005; Pillai et al. 2006) . Phylogenetic methods needed to quantify this restriction of gene flow between compartments are numerous and well developed (Zarate et al. 2007 ). Our group and others have used similar methods to describe the presence of compartmentalized HIV RNA populations in the cerebrospinal fluid (CSF) supernatant, mostly using samples from ART naïve individuals (Harrington et al. 2009; Smith et al. 2009; Choi et al. 2012) .
While direct assessment of viral variants sampled from brain parenchyma in living subjects is rarely feasible, HIV RNA collected from the CSF can be an informative surrogate. Interestingly, viral rebound in CSF supernatant almost always follows the rebound in blood plasma after ART interruption (Monteiro de Almeida et al. 2005) . This lag might indicate that rebounding virus in CSF is simply imported from blood, in which case, the sequences from the two compartments should be genetically indistinguishable early after viral rebound. In contrast, if sequences of the rebounding CSF viral population are demonstrably distinct from blood, they may be derived from separate CNS sources. Additionally, the degree of compartmentalization is expected to vary over time and can be influenced by pleocytosis and other factors (Smith et al. 2009 ), which are proxies for the extent of cellular trafficking between CNS and blood.
In this study, we quantified the reservoir size and characterized the complex dynamics of viral subpopulations in a unique cohort of 14 HIV-infected individuals who had been serially sampled in CSF and blood plasma before and after interruption of ART. Comprehensive sequence and phylogenetic analyses were performed to explore the relative contribution of viral reservoirs within the CNS to the HIV RNA rebound following ART interruption. This is important since compartmentalized HIV reservoirs within the CNS will be particularly difficult to target as part of viral eradication strategies, as a consequence of limited drug penetration, compartmentalization, tissue-specific viral adaptation and the presence of unique cellular targets (Gray et al. 2014 ).
Methods

Participants, samples and clinical laboratory tests
All subjects were prospectively enrolled in protocols that collected serial paired blood and CSF samples from chronically HIV-infected subjects undergoing ART interruption (Monteiro de Almeida et al. 2006) . A group of five participants was prospectively enrolled in a structured ART interruption study (Group 1, suppressed >2 years) (Monteiro de Almeida et al. 2006) . A second group of five participants was retrospectively determined to have undergone treatment interruption (selfreported) for clinical or personal reasons other than viral failure (Group 2, suppressed >6 months). A third group of four participants was retrospectively determined to have undergone treatment interruption (self-reported) for clinical or personal reasons (Group 3, uncertain or no documented suppression). Detailed inclusion criteria (for each group) and clinical information for each participant are provided as Supplementary mate rial S1. Blood and CSF cellular pellets and supernatant were collected and processed as previously described (Smith et al. 2009; Oliveira et al. 2015) . Blood CD4 þ T-lymphocyte absolute counts were measured by flow cytometry, and HIV RNA levels in blood plasma and CSF supernatant were quantified by the Amplicor HIV Monitor Test (Roche Molecular Systems Inc.). The study was conducted with appropriate written subject informed consent and was approved by the Human Research Protections Program at the University of California San Diego.
HIV RNA extraction and next-generation sequencing from blood plasma and CSF supernatant HIV RNA was isolated from blood plasma (QIAamp viral RNA minikit; Qiagen, Hilden, Germany), and cDNA was produced (RETROscript kit; Applied Biosystems/Ambion, Austin, TX) according to the instructions of the manufacturer (Gianella et al. 2011) . For blood plasma, if HIV-1 RNA levels (i.e. viral load) exceeded 20,000 HIV-1 RNA copies/ml, 500 ll of blood plasma was used; otherwise, 1 ml of blood plasma was used. For CSF, viral population was concentrated from 1 or 2ml of supernatant in order to maximize template input in each 454 reaction (depending on viral load and sample availability). Three coding regions-gag p24 (HXB2 coordinates 1366-1619), pol RT (2708-3242) and env C2-V3 (6928-7344)-were amplified by PCR with regionspecific primers, as previously described (Gianella et al. 2011) . Rubber gaskets were used to physically separate 16 samples on a single 454 GS FLX titanium picoliter plate (454 Life Sciences/ Roche, Branford, CT) during sequencing.
Quantification and next-generation sequencing of HIV DNA in PBMC and CSF cellular pellets DNA was extracted from 5 million PBMC for each participant (QIAamp DNA Mini Kit, Qiagen, CA). For CSF cellular pellets, DNA was extracted from all available cells (median: 10,000 cells/ pellet, range: 514-80,800 cells) using lysis buffer, as previously described (Christopherson et al. 2000; Oliveira et al. 2015) . For PBMC, total HIV DNA (pol) was quantified by droplet digital PCR (ddPCR) from extracted DNA (Strain et al. 2013) . Briefly, approximately 1,000 ng of DNA per replicate was digested with BSAJ1 enzyme (New England Biolabs) prior to ddPCR. Total HIV DNA (Pol) was measured with VIC probe using the following cycling conditions: 10 min at 95 C, 40 cycles consisting of a 30 s denaturation at 94 C followed by a 60 C extension for 60 s and a final 10 min at 98 C. A 1:10 dilution of the digested DNA was used for host cell RPP30 (Ribonuclease P/MRP 30kDa Subunit) PCR (probe VIC) and cycled with the same parameters as Pol. Copy numbers were calculated as the mean of replicate PCR measurements and normalized to one million cells as determined by RPP30 (total cell count). Sequencing was performed as described above.
Sequence processing and bioinformatics analysis
Read and quality score files produced by the 454 instruments were further analyzed using a purpose-built bioinformatics pipeline, used by our group in numerous studies (Gianella et al. 2011; Wagner et al. 2013; Carter et al. 2015; Fisher et al. 2015) . The pipeline is available at https://github.com/veg/HIV-NGS and consists of the following key steps:
1. Baseline quality control: Reads that are too short ( 50 basepairs [bp]) or have too many low quality bases (!8 bases with quality scores q 15) are removed, and all remaining bases with low scores are masked with the N character [missing data]. 2. Error correction: Reads obtained from step 1 are aligned to the corresponding amplicon reference sequence (HXB2) using a codon-level extension to the Smith-Waterman local alignment algorithm, which directly accounts for frame-shift errors caused by homopolymer length miscalls-the most common error modality for the 454 platform. Pairwise alignments are merged into a global alignment of all reads, so that each base is mapped to a consistent system of genomic coordinates. Remaining sequencing errors are modeled as a mixture of multinomial distributions, and all individual single nucleotide variants, which cannot be reliably assigned to non-error multinomial components (posterior probability > 0.999, assumed error rate 0.5%) are reverted to position consensus. 3. Extraction of common and representative reads: Because the median read length is > 50% of the length of sequenced amplicons, we performed simple clustering of error-corrected reads, where two reads are merged in the same cluster if (a) they do not differ except in positions where one of the sequences had an error-induced 'indel'; (b) they match at X or more nucleotide positions, where X is the maximum of 100 or half of the median read length. Condition (b) allows clusters to absorb shorter reads that match the longer sequences exactly. Each cluster is represented by its consensus sequence, and by the number of reads assigned to the cluster. Note that by construction each read in the cluster matches the consensus sequence in all positions where the read has resolved bases, so the pairwise distance between any two reads in the same cluster is 0 as defined in the next step. Sequences obtained from this step can be downloaded from https://goo.gl/DZhzh1 [see README.md for format explanations] 4. Compartmentalization analysis: We compute the fixation index (Hudson et al. 1992 ), defined as F ST ¼ 1 À pI pD ; where p I is the estimate of mean pairwise intra-compartment genetic distance (TN93) (Tamura and Nei, 1993) , and p D is its inter-compartment counterpart. Both quantities are computed by comparing all reads from two different compartments at a particular time-point (i.e. only contemporaneous sequences are compared), subject to the requirement that they share at least 150 aligned nucleotide positions. The large number of pairwise comparison (10 7 -10 9 ) can be handled computationally using an efficient implementation of the TN93 distance calculator (github.com/veg/tn93), which achieves a throughput of 10 7 distances/second on a modern multi-core desktop.
Note that as defined, F ST could assume negative values (see an example as Supplementary material S2), but none of the samples with negative could be called compartmentalized (see [4c] below). Significance testing is carried out four different ways to improve robustness and to err on the conservative side. One specific patient/time-point is defined as compartmentalized if only if all four methods described below result significant. a. We generate the null distribution of F ST from 100 MonteCarlo replicates, where reads are re-assigned to a random compartment, maintaining the relative sizes of the compartments. The P value of the permutation test must be 0.05 to establish significance. b. We examine the robustness of estimates to extreme errors in haplotype frequencies. To do so, we discard all the frequency information (cluster sizes from step 3), and repeat the estimation and re-sampling as in (a) above [note that the typical range of cluster sizes is from 1 to $10 3 -10 4 , hence discarding frequency information is not a trivial modification]. The P value of the permutation test must be 0.05 to confirm significance. c. We estimate the effects of sampling errors on bounds on estimates. To do so, we tabulate values from 100 replicates of data, where alignment sites are resampled with replacement (standard phylogenetic bootstrap) and where the estimated frequencies of haplotypes are perturbed by multiplying each with a uniformly distributed random number between 0.05 and 10, and rounding the resulting value down. The lower bound of the estimated 95% confidence interval must be strictly greater than zero as the third requirement for significance. d. We extract 100 subsets of 100 sequences from each compartment (randomly, with larger clusters having proportionally more sampling probabilities), reconstruct ML phylogenies (see point 6 below for details) and apply the Slatkin-Maddison test (Slatkin and Maddison, 1989) for compartmentalization. All 100 replicates must have Slatkin-Maddison P 0.01 to confirm significance. 5. Recombination screening: We screen all sets of representative reads from step 3 for evidence of recombination using GARD (Pond et al. 2006) . Note that because step 4 does not rely on the assumption that all reads are related by a single phylogeny, it will not be adversely affected by the presence of recombinants. 6. Phylogenetic analysis: We further filtered the clusters from step 3 to include only those which comprised at least 10 reads, or 0.1% of the total reads (whichever was greater). The resulting collections of sequences are realigned using MUSCLE (Edgar, 2004) , piped to FastTree 2 (Price et al. 2010) for maximum likelihood trees reconstruction, and subjected to codon-based (MG94) phylogenetic analyses in HyPhy (Pond et al. 2005) . The output of the analyses includes divergence and diversity estimates, both at a nucleotide level, and at the levels of dS (synonymous) and dN (non-synonymous) substitutions.
Statistical analysis
Statistical analyses were performed using SAS (versions 9.2 and 9.4). Qualitative comparisons were performed using the Fisher exact text (for discrete data) or Mann-Whitney U test (for continuous variables). P values were adjusted for multiple comparisons using the Bonferroni methods. For each compartment (blood, CSF), the time of viral rebound was estimated as the midpoint between the last undetectable HIV RNA viral load (or date of ART interruption if participant interrupted ART before the first study visit), and the first detectable HIV RNA viral load in blood or CSF supernatant respectively. Table 1 .
Results
Participants, samples and clinical laboratory tests
Ten participants had documented undetectable HIV RNA levels for at least 2 years (prospective Group 1) or 6 months (retrospective Group 2) before ART interruption. For the remaining four participants (convenience cohort), duration of HIV RNA suppression before treatment interruption was uncertain. Rebound dynamics of HIV RNA in blood plasma and CSF supernatant for five participants belonging to Group 1 are showed in Fig. 1 .
The median time from ART interruption to viral rebound in blood plasma was 19 days (IQR: 8-31 days), while the median time from ART interruption to viral rebound in CSF supernatant was 30 days (IQR: 16-44 days). The median time from viral rebound to HIV RNA sampling in blood plasma (referred as Time point 1) was 24 days (IQR: 20-87 days), while the median time from viral rebound (within the CSF compartment) to HIV RNA sampling in CSF supernatant (Time point 1) was 14 days (IQR: 4-87 days). Since our study was primarily interested in analyzing viral rebound in CSF, the earliest available time points at which HIV RNA levels were sufficient for sequence analysis were included as Time point 1. Because of the characteristic delay between rebound in blood and CSF, HIV RNA levels in blood had plateaued and were no longer substantially increasing during this time period (see Fig. 1 
Sequencing metrics
We generated 1.04 gigabases of mapped reads from 71 successfully sequenced time point amplicon (env, gag and RT mixed together) libraries, with a median of 11.76 megabases (IQR over runs 7.95-16.33) per sequencing run (recall that each run represents a 16-way physically multiplexed reaction). The original FASTQ files can be retrieved via study accession number PRJEB14227 at the European Nuelcotide Archive (www.ebi.ac.uk/ ena). The median read length was 255 bp (IQR 254-393). The gag amplicon was represented by the largest number of mapped reads per sample, while RT and env had 40-60% yields relative to gag. Median coverage per amplicon position was >3,000 for all regions and compartments, ensuring sufficient resolution to detect sequenced minority variants < 1% (Gianella et al. 2011) . The median number of reads assigned to a cluster (inversely correlated with sample diversity) was the highest in gag, intermediate in RT and the lowest in env, consistent with the relative rates of evolution of different viral genes (Alizon and Fraser, 2013) . With the exception of two difficult to resolve homopolymeric regions, sequencing coverage was uniform across amplicons, with CSF samples showing more between-sample variation in env and RT ( Fig. 2 and Table 2 ). Detailed characteristics of the viral population are given in Supplementary Tables 1 (blood plasma RNA), 2 (CSF supernatant RNA), 3 (PBMC DNA) and 4 (cellular pellet DNA).
Recombination screening
We screened alignments composed of five or more common sequence variants per time point: these analyses combined data from blood plasma and CSF (RNA only) and all available time points for a single amplicon for a given individual. With the exception of env in one individual (26618), GARD found no evidence of significant phylogenetic incongruence. Subsequent Shimodaira-Hasegawa testing confirmed one breakpoint in env for individual 26618 (P ¼ 0.0002). Thus, except for one individual-gene pair, viral populations appear to not have experienced detectable recombination events. Characteristics of rebounding virus in blood and CSF As expected for mono-infected individuals, time point consensus sequences from individual participants formed monophyletic (aLRT > 0.9) clades in the joint phylogenies in env (Fig. 3) . This pattern was largely recapitulated in gag and RT, although not all individual clades had the same level of support due to lower sequence divergence. For the primary statistical analysis, we concentrated on the env amplicon and Time points 1 and 2 (which were available for 13/14 participants). Overall, the median nucleotide diversity for HIV RNA env sampled at Time point 1 was not statistically different (two-sided Mann-Whitney test, P ¼ 0.65) between blood and CSF supernatant: median 2.48% (IQR 1.4-5.6%) in blood plasma, versus median 3.43% in CSF supernatant (IQR 1.35-4.08%). Similarly, the median diversity was not significantly different between the first and the second sampled time points (P ¼ 0.78 for blood, P ¼ 0.81 for CSF). Similar results were obtained for pol and gag.
To explore possible predictors of time to viral rebound, we divided our cohort into two groups using the median time from ART interruption to sampling (Time point 1) as a cut-off (43 days). None of the measured covariates (molecular diversity, levels of HIV DNA in PBMC or CSF pellet, time on ART, CD4 nadir, HIV RNA viral load in blood and CSF) were associated with shorter (or longer) time to rebound, after correcting for multiple testing. A negative finding is not surprising, given the relatively small sample size, the large number of tested variables and the uncertainty of the exact timing of rebound as a consequence of sparse sampling and retrospective study design.
Compartmentalization status at the first and second timepoints following ART interruption We detected a significant signal for viral compartmentalization based on four tests (i.e. F ST > 0 and all permutation P 0.05, bootstrap confidence interval does not overlap zero, results are robust to ignoring haplotype frequencies, significant SlatkinMaddison testing) at the first sampled time point in nine out of 14 participants for at least one gene, and in three out of 14 par ticipants for all genes with available sequence data (Table 3) . This included four out of five participants belonging to Group 1 (i.e. prospective group with documented viral suppression > 2 years before interruption of therapy).
At subsequent time points (i.e. 2-5), 10 participants exhibited compartmentalization between blood and CSF in at least one gene. Overall, 58% of all samples were compartmentalized in env, 28% were compartmentalized in gag and 39% in RT. Seven time-points (19%) were found compartmentalized in all three regions. Interestingly, data collected pre-ART for a subset of three participants indicate that compartmentalization was present at the time of ART initiation but disappeared in two cases at the first samples time-point. Overall, compartmentalization pattern changed over time in most participants and across different coding regions.
Structure of the rebounding HIV RNA populations
A complete set of interactive phylogenetic trees showing the relationships between the samples (distinguishing up to the 25 most frequent viral haplotypes per sample) are available at http://bit.ly/gianella-pond-ellis-trees. Phylogenies including DNA-based sequences are also available for viewing at the same address. Representative phylogenies illustrating different patterns of dynamics and evolution are shown in Fig. 4 . As with the consensus phylogeny (shown in Fig. 3) , individuals form monophyletic clades in the tree constructed from 10 most frequent haplotypes (env, 10 top haplotypes). In some cases (e.g. 26742 gag), the blood and CSF sequences are intermixed, which, *time in days elapsed from viral rebound to sampling in CSF. Figure 4 . Examples of intra-host population dynamics, and the phylogenetic relationship between different individuals. For individual subjects, the tree is restricted to represent up to 25 most common haplotypes per time point (see text), whereas the joint env tree uses up to 10 most common haplotypes. Branch coloring and thickness conventions are the same in Fig. 2 , except that black crosses mark the most recent common ancestors for CSF-only clades.
For an alternative rendering of the trees as cladograms, refer to Supplementary materials. coupled with low F ST , suggest trafficking between compartments or independent rebound of near-identical archived viruses in both compartments. Remarkably, for 10 out 14 participants (for example, 24273 env showed in Fig. 4) , the phylogenies contain unique clades in the CSF at the earliest time point after ART interruption, suggesting possible independent rebound events wholly within CSF (summarized in Table 4 ). Frequencies of CSF-only clades ranged from being a minority variant up to representing over half of the inferred population. These CSF-only clades persisted over time and were often visible over longitudinal time-points within one subject. In two individuals with available pre-ART samples (34535 and 26919), the same pre-ART population re-appeared in the CSF after treatment interruption. Similarly, some trees showed blood-only clades, but this observation should not be over-interpreted because lower viral loads in the CSF compartment necessarily make representative sampling more challenging. The phylogenies for different viral genes sampled from the same individuals do not necessarily show identical dynamics: for example, Fig. 4 shows the env and rt genes for the same individual (23350) at Time point 1, with no evidence for CSF-only clades in env, but containing a well-separated and statistically supported CSF-only clade at the first time point in rt. This observation could result from an independent rebound in CSF, for which the archived viruses in blood and CSF had homogenized env but different rt genes, for example, due to a past recombination event. Previous studies have suggested complex intra-host recombination dynamics (Brown et al. 2011; Pacold et al. 2012) , and demonstrated how selection can affect HIV sequences in different compartments (Hightower et al. 2009; Neher and Leitner, 2010; Holman and Gabuzda, 2012) , indicating that such eventualities may be common. The phylogenies for both these genes (i.e. env and RT for participants 23350) suggest that by the second time point (about seven months later), populations in both compartments have diverged from the population at the first time point and have become intermixed.
In contrast, 26919 RT shows a case where there is no noticeable divergence across four time points spanning a 3-month period, and in which, some separation by compartment appears to persist. Similarly, 58213 RT shows a case where a large CSF-only clade persists across two time points spanning a 4-month period, with no noticeable divergence between the time points.
Finally, CA149 RT shows a case where the blood and CSF populations appear to have been mixed at the first time point, but became segregated by the second time point about 1 year later. Table 4 provides an overview about the distribution of the unique clades within the CSF across 14 subjects.
This panoply of apparent viral dynamics is not surprising, because there is no compelling reason to expect any particular evolutionary scenario to be common or dominant (Lemey et al. 2006 ).
Comparative analysis of HIV RNA and DNA populations within each anatomic compartment For a subset of participants, we were able to generate sequences from HIV DNA in peripheral blood mononuclear cells (N ¼ 10 participants at 15 individual time-points), and CSF cellular pellet (N ¼ 9 participants at 10 individual time-points, see Supplementary Tables 3 and 4 ). Eight time points had paired data from HIV RNA and HIV DNA sequenced from both blood and CSF. Interestingly, HIV RNA virus rebounding in blood plasma appeared genetically segregated from paired PBMC HIV DNA in eight out of 13 participants. HIV DNA samples from CSF cellular pellet were also genetically segregated from the HIV RNA population in the CSF in 9/10 of analyzed cases. PBMC and CSF cellular pellets were genetically segregated in 5/6 (26618, CA149, 58786, 58704 and 24232, but not 23350) analyzed cases (based on the F ST permutation testing only). These statistical analyses could be made unreliable by the low template input, especially for the CSF cell pellet, which might make a population look more homogenous than it really is due to template resampling, or simply miss large swaths of viral genetic diversity in the DNA reservoir.
Discussion
A successful HIV eradication strategy must block or cripple all known mechanisms of viral persistence and recovery (Richman et al. 2009 ). One such mechanism is the establishment of genetically distinct viral populations in different tissues and anatomical compartments (Svicher et al. 2014) . Completely eradicating viral replication and reservoirs in blood might be insufficient to achieve a cure if the virus is able to reconstitute its population within the CNS compartment. Numerous previous studies estimated that 30-60% of HIV-infected individuals harbor viral populations that are compartmentalized between blood and CNS (Blower et al. 2005; Pillai et al. 2006; Harrington et al. 2009; Sturdevant et al. 2015) . Through the use of more sensitive sequencing techniques and high-throughput bioinformatics methods, our study suggests that an even larger proportion of individuals may have some degree of compartmentalization in rebounding HIV RNA populations following treatment interruption. Most of our participants (nine out of 14) presented a compartmentalized HIV RNA rebound within the CNS after ART interruption (conservatively based on 4 different tests), even when sampled a few days after viral rebound. Two processes can affect the extent of differences between viral populations between blood and CSF. The first such process is genetic divergence: standard population genetics results imply that in the absence of mixing, two anatomically separate viral populations will diverge genotypically via neutral drift and/ or adaptation. It is possible that a considerable amount of divergence happens before viral suppression, particularly in patients starting ART during chronic infection, as most of treated patients in the USA. Such pre-suppression divergence in turn would lead to distinct populations rebounding in the two compartments, if the rebounding populations arise independently from compartment-specific sources. The second process is trafficking between the CNS and other compartments, most importantly blood, which reduces differences between compartments by mixing and/or recombination between the viral populations (this process has been called "a fundamental evolutionary mechanism that helps to shape HIV-1 env intrahost diversity in natural infection" (Brown et al. 2011) ). When significant compartmentalization is observed, as we show here in most cases of viral rebound after treatment interruption, this might suggest that the rate of trafficking is not sufficiently high to completely homogenize the populations. In contrast, the absence of compartmentalization (i.e. high population inter-mixing) could reflect either high trafficking or that the populations were not distinguishable to begin with (due to low divergence rates). We remark that the finding of viral compartmentalization does not imply completely segregated viral populations, but that there is a detectable divergence between some subpopulations in each compartment. Nevertheless, in 12 cases out of 14, we identified unique viral populations within the CSF after ART interruption, which were phylogenetically distinct from those present in the paired blood plasma. These CSF-only clades persist over time and, in two cases (of whom one was suppressed for >1.2 years before interrupting ART), the same pre-ART population reappeared in the CSF (but not in blood) after interrupting therapy. This pattern implies that at least some of the rebounding virus within the CNS originates from a CNS source and might represent a notable barrier to sterilizing cure.
To investigate the possible source of rebounding viruses, we also sequenced HIV DNA collected from PBMC (N ¼ 15) and CSF cellular pellets (N ¼ 10) for a subset of individuals. While approximately 40% of the blood populations were not compartmentalized between rebounding HIV RNA and HIV DNA sampled from the corresponding PBMC (e.g., that would occur if viral rebound were seeded by cells circulating in the blood), all but one (80%) of the CSF populations were compartmentalized between HIV RNA and HIV DNA sampled from corresponding CSF cellular pellets. While this analysis is limited by sampling bias as a consequence of low cellular input especially from the CNS cellular pellets, it is also consistent with the hypothesis that HIV RNA rebound within the CNS compartment most likely originates from cells within the brain parenchyma, which cannot be directly sampled using our methods.
None of the tested variables were associated with time to viral rebound, which is likely a consequence of small sample size and retrospective study design with uncertain time to rebound for most included individuals.
This study has several limitations. First, it only includes 14 individuals (of whom only 10 were certainly suppressed at the time of treatment interruption), thereby limiting the power of subsequent statistical analysis; we note that despite the small sample size, our study delivers the most detailed characterization of a cohort of such size to date, highlighting the amount of clinical, laboratory and informatics effort involved. Second, this is a retrospective study taking advantage of samples collected from people interrupting ART, and the optimal samples (closest to ART interruption) were not always available (except for the five participants belonging to our prospective Group 1). Consequently, there are considerable differences in timing of sampling time-points after treatment interruption. While cohort characteristics are relatively heterogeneous, our results were robust to choosing individuals sampled early or late during rebound, and independent of HIV RNA levels, time on ART or any other clinical variables. Nevertheless, the HIV RNA populations were evaluated several days after viral rebound in most participants and we cannot exclude the possibility that HIV RNA did cross from the blood to the CNS very early and diversified fast enough to confound our analysis.
Third, low template input into the NGS reaction and sequencing errors could cause biases or skewing in the sampling of the original viral population, and negatively impact our ability to perform accurate analyses on these samples. We have, therefore, significantly elevated the threshold of compartmentalization detection and specifically included computational tests for robustness against significant errors in frequency estimation. Template input was particularly low in some (but not all) CSF samples, which could negatively impact our capacity to find unique clades within the CSF: assuming we are simply resampling the most common variants, we are more likely to find that CSF sequences fall within better sampled blood clades. In contrast, despite the possible sampling bias in CSF, we were still able to observe CSF-unique clades in all compartmentalized time points and some were repeated across longitudinal samples further confirming the validity of our methods.
Despite these limitations, our study suggests that the HIV RNA population often rebounds independently within the CSF and that the HIV DNA reservoirs in anatomic compartments might present additional obstacles to eradication and need to be actively targeted to achieve a complete cure. Our data suggest that failing to perform lumbar punctures during structured ART interruption in the setting of cure trials might overlook important events emanating from the CNS, which could be contributing to overall rebound. Future prospective studies with more frequent sampling should determine if the virus originated within the CNS meaningfully contributes to reconstituting the HIV RNA population in blood.
Supplementary data
Supplementary data are available at Virus Evolution online.
Conflict of interest: None declared
